Abstract. Study proposes a coil temperature model for aluminium alloys. The mathematical model is based on the 3D finite element method, which is implemented in MATLAB® using objectoriented programming approach. Owing to the used approach, several cooling steps of the coil can be performed including the coil transport and cooling in the storage area after the hot rolling. Individual cooling phases feature specific boundary conditions and time segments. The coefficients for the boundary conditions of the specific cooling phase were determined using parameter identification strategy. Furthermore, the temperature distribution of coil is used for the calculation the static recrystallization and grain size during coil cooling. The temperature model was validated within sufficient accuracy for each cooling phase using experimental data of the coil cooling after the conventional hot rolling at the Arconic's plant in Samara, Russia.
Introduction
Ongoing further development of the aircraft, motor vehicles, and food containers calls for the new aluminum alloys design and the improvements of existing ones. To achieve the required combination of mechanical properties of aluminum sheets and strips, the texture and structure evolution shall be controlled during the entire thermomechanical rolling process.
There are numerous simulations and experimental studies [1] [2] [3] [4] focusing on the investigation and modelling of the microstructure evolution during aluminum thermomechanical treatment. The structure evolution of most common series of aluminum alloy (5XXX and 3XXX series) in distinctive sheet manufacturing stages is well investigated [2, 5, 6 ] except annealing into the coil. The main difficult is complicated thermal process, which occurs in the coil during its coiling and cooling. The accuracy of this thermal calculation is critical for calculation of structure evolution inside the coil. For example, the heat transfer within the coil cannot be assumed comparable as in a solid body due to the layer structure of the coil [7, 8] . The heat transfer across these layers strongly depend on various operational factors such as: surface quality, tension force, lubrication etc. must be taken into account [9] .
As result, the accurate coil thermal field calculation is essential for the solving of the selfannealing and annealing problem. The following key aspects shall be accounted for in such calculations, i.e. the temperature distribution and its behavior in time. Besides, they become even more significant as coil parameters, e.g. weight, and geometrical dimensions, increase. Control and adjustment of these processes will enable achieving the required combination of properties in the semi-finished product.
There has been some attempts to solve this task for steel coil [10, 11] , for example, for precipitation calculation [12] . However, authors do not find any articles, which have a detail description of structure evolution in aluminum coil during its cooling in the air after hot rolling or annealing. Usually regarding self-annealing, attention is given to the fact, whether recrystallization is occurred or not [13] without detail investigation of temperature and structure distinction inside in different layers of coil.
The objective of this article is to provide insight in static recrystallization processes during selfannealing of the coil of an aluminum alloy 5182 by means of the development of the coil temperature model and its integration with one of the Avrami equation established approach, describing recrystallization processes behavior [5] .
Coil Model
The coil temperature model is evolved by the finite element method in 3D using the symmetry across the strip width. The model is implemented in MATLAB® software using object-oriented programming approach. Owing to the used approach [8] , several cooling steps of the coil can be performed including the coil transport and cooling in the storage area. Individual cooling phases feature specific boundary conditions and time segments.
The governing equation for the temperature evolution in the coil and in the strip are given by the parabolic partial differential equation (PDE) of the heat diffusion, given by [14] :
where T is the temperature of the coil and strip, t is the cooling time during process step, k x,y,z is the spatial-dependent thermal conductivity in the coil and strip, ρ(T) is the temperature-dependent density, c p (T) is the temperature-dependent specific heat capacity. The calculated temperature evolution in each process step is related to the time in the unsteady heat conduction problem. Therefore, the solution requires an initial condition. The initial condition, i.e. the initial temperature distribution, is the solution of the previous process step [15] .
where 0 is the initial time of an appropriate processing step, 0 is the initial temperature distribution in the coil or in the strip. The boundary conditions comprise the combination of convective and radiation boundary conditions, which are taken into account the cooling of the coil in the environment due to convection and radiation. This boundary condition can be formulated as [15] :
where ℎ ( − ∞ ) is the thermal convection to the environment based on the Newton's law of cooling, � 4 − ∞ 4 � is the thermal radiation to the environment based on the StefanBoltzmann's law, is the surface temperature, ∞ is the environment temperature, ℎ is the convective heat transfer coefficient of material to environment, is the coefficient of StefanBoltzmann, ε is emissivity of surface, ℎ is the heat transfer coefficient including convection and radiation impact.
Parameter Identification of Boundary Conditions
The unknown coefficients of boundary conditions (thermal convection to the environment and equivalent thermal conductivity through coil strip layers) were identified by parameter identification strategy [16] based on the experimental measurements of the coil after the conventional hot rolling with a final strip thickness of 0.0034 m at the Arconic's plant in Samara, Russia. The temperature measurements were performed by the pyrometers lengthwise along the strip width and in between first and last layer. The total number of layers was 188. The measurements occurred during the coil carry to the storage as well as its cooling in the warehouse. The result of these measurements and their positions are shown in Fig. 1 . The minimization of the goal function was performed using MATLAB Optimization Toolbox. The goal function is adapted to the following form
where , are the calculated and measured temperatures, corresponding, M is the number of measurements per time, and N is the number of measuring points.
Static Recrystallization during Cooling
Aluminum alloy 5182 is well investigated and some reliable model of its structure evolution have been already proposed [5, 13] . The approach, which was developed in [5] is chosen. This semi empirical approach is suitable for the industrial calculations due to less computation efforts. Static recrystallization can be described by the usual Avrami equation: 
where Z and are Zener Hollomon parameter and total strain corresponding.
Results
Fig . 2 shows the temperature distribution within the coil and the comparison of measured and calculated temperatures during its carry and storage using determined coefficients. The results of the coil temperature during carry are located within ±5% confidence interval, whereas temperature evolution during its storage is calculated with a accuracy of ±10% depending of the temperature range.
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Resource Subsequently, the investigation of the structure evolution during coil cooling was performed into 5 points within half coil cross-section (see Fig. 2a ) according to Eq. 5-7. As result, the calculated temperature of the coil cooling in the air depicts slight gradient within the coil cross section and the static recrystallization occurs quite fast that is the typical picture for an aluminium alloy 5182. The performed rolling conditions of the finishing train, consisting of five finishing rolling mills (F1-F5), and calculated static recrystallization during the hot rolling for the investigated coil are shown in Table 1 . The mean grain size after last rolling pass was determined in [17] as 40 µm which is used as an initial grain size. Furthermore, the calculation of the static recrystallization in coil revealed that the microstructure is fully static recrystallized after 10 s cooling, and it occurs uniformly within the coil (see Fig. 3a) . Fig. 3b depicts the distribution of the static recrystallized grain size after 10 s cooling. The fully recrystallized average grain size was calculated about 13 µm. The predicted size is consistent with an experimentally measured one (see Fig.4 ). The measurements of the grain size were carried out according to the standard intersection method after ASTM E112-12. The distinction between head and tail was determined as 12 µm and 11µm, respectively. The evolution of the recrystallize fraction is also close to the experimentally and numerically defined in [5, 16] . The wide variation range of the grain distribution inside a coil is not observer. It is caused by the fast recrystallization rate. The recrystallization is finished before occurring of temperature different inside a coil. However, the recrystallization of other alloys like AA5182 is characterized by a slower recrystallization rate. For example, for same rolling conditions, AA3104 will be completely recrystallized during 3 min [18] , AA1050 during 166 min [19] . The scandium micro alloying inhibits seriously recrystallization or even completely prevent [20] . Hence, the time of the coil temperature above the recrystallization threshold can be not enough for full static recrystallization.
Summary
The experimental and numerical research enabled the design of the reliable model for the aluminium coil cooling. The calculation of the static recrystallization of AA5182 in coil revealed that the microstructure is fully static recrystallized after 10 s cooling, and it occurs uniformly within the coil. Although the coil possessed the temperature above recrystallization threshold during 2-3 hours based on experimental data. The recrystallization temperature threshold and coil cooling depend strongly on various parameters such as aluminium alloy (e.g. AA1050), coil geometry, rolling conditions etc. As a result, using such proposed strategy the self-annealing of aluminium coil can be investigated.
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